). Here we show that several H/ACA snoRNP components are weakly but specifically immunoprecipitated with epitope-tagged Naf1p, suggesting that the latter protein is involved in H/ACA snoRNP biogenesis, trafficking, and/or function. Consistent with this, we find that depletion of Naf1p leads to a defect in 18S rRNA accumulation. Naf1p is unlikely to directly assist H/ACA snoRNPs during pre-rRNA processing in the dense fibrillar component of the nucleolus for two reasons. Firstly, Naf1p accumulates predominantly in the nucleoplasm. Secondly, Naf1p sediments in a sucrose gradient chiefly as a free protein or associated in a complex of the size of free snoRNPs, whereas extremely little Naf1p is found in fractions containing preribosomes. These results are more consistent with a role for Naf1p in H/ACA snoRNP biogenesis and/or intranuclear trafficking. Indeed, depletion of Naf1p leads to a specific and dramatic decrease in the steady-state accumulation of all box H/ACA snoRNAs tested and of Cbf5p, Gar1p, and Nop10p. Naf1p is unlikely to be directly required for the synthesis of H/ACA snoRNP components. Naf1p could participate in H/ACA snoRNP assembly and/or transport.
The nucleolus of eukaryotic cells contains a multitude of small nucleolar ribonucleoprotein particles (snoRNPs) that can be classified in three groups, based on the nature of their RNA component and associated proteins. The vast majority of these snoRNPs are either of the so-called box C/D or box H/ACA class (3, 21, 79) . Only two related snoRNPs, MRP and RNase P, do not belong to those two groups. RNase P removes the 5Ј leader segment of pre-tRNAs (19) , while MRP performs the endonucleolytic cleavage of site A3 in the pre-rRNA (13, 49, 51, 57, 78, 84) . Most box C/D and box H/ACA snoRNPs (thereafter termed C/D and H/ACA snoRNPs) respectively catalyze, within the pre-rRNA, the site-specific methylation of the 2Ј oxygen of certain ribose moieties (2, 8, 10, 37, 39, 85, 92) and the conversion of specific uridines into pseudouridines (20, 62, 79, 87) . In addition, some C/D snoRNPs are responsible for the site-specific methylation of spliceosomal U6 snRNA in the nucleolus (22, 93) , while certain tissue-specific C/D snoRNPs may be involved in the modification of mRNAs (9) . Moreover, few members of both snoRNP families are involved in certain pre-rRNA cleavage steps necessary for the production of mature rRNAs (31, 48, 58, 68, 76, 86, 91, 96) . Quite remarkably, RNPs strongly related to H/ACA and/or C/D snoRNPs were recently found that are responsible for site-specific modifications of spliceosomal snRNAs transcribed by RNA polymerase II (14, 33) . These particles accumulate within Cajal bodies and have hence been termed scaRNPs (for small-Cajal-body-specific RNPs) (14) .
C/D snoRNPs all contain a small RNA component featuring the conserved C and D boxes (hence the name) and are associated with at least four proteins, Nop1p (in yeast) or fibrillarin (in higher eukaryotes) (3, 21, 63, 77, 88) , Nop58p, Nop56p (23, 44, 52, 61, 103, 104) , and Snu13p (yeast)/15.5-kDa or NHPX protein (human) (102) . H/ACA snoRNPs derive their name from the nature of their RNA component (H/ACA snoRNA), characterized by the presence of two conserved sequence motifs, the H box and the ACA box, and a conserved secondary structure. This structure consists of two hairpins containing an irregular bulge (the "pseudouridylation pocket") separated by a single-stranded hinge region containing the H box and followed by a single-stranded tail containing the 5ЈACA3Ј triplet situated 3 nucleotides from the 3Ј end of the mature snoRNA (3, 21) . The core of H/ACA snoRNPs contains four proteins; Cbf5p in yeast (5, 34, 43, 101, 105) (the orthologues of which are termed Nop60B in Drosophila [24, 71] , Nap57 in rodents [54, 104] , and dyskerin in humans [55] ), Gar1p (3, 16, 21, 26) , Nhp2p, and Nop10p (29, 40, 72, 101) .
Except for the C/D snoRNA U3 in plants, which is transcribed by RNA polymerase III (38), C/D or H/ACA snoRNAs are transcribed by RNA polymerase II either as independent transcription units, polycistronic (i.e., comprising several small RNAs) transcripts, or as part of introns of pre-mRNAs (83) . Intronic snoRNAs are released from pre-mRNAs by two alternative mechanisms. In most cases, intronic snoRNAs are produced from the debranched intron lariat, following splicing of the flanking exons (65, 70) . Alternatively, some intronic C/D snoRNAs are released directly from the pre-mRNA in which they are embedded by endonucleolytic digestions performed by RNase III (6, 25, 99, 100) . Release of mature snoRNAs from independent or polycistronic transcription units is initiated by an endonucleolytic, possibly cotranscriptional, digestion event in the 3Ј portion of the primary transcript that requires the Nrd1p protein, the Sen1p helicase, and the cleavage factor IA activity of the RNA polyadenylation machinery (17, 56, 81) . Sequences of different snoRNAs present on the same polycistronic transcript are separated from one another by RNase III-catalyzed endonucleolytic digestions (11, 12, 73) . Precursor transcripts containing a single snoRNA may also be cleaved 5Ј to the mature snoRNA sequence by RNase III (11) . In all cases, final pre-snoRNA maturation steps always involve 3Ј-to-5Ј exonucleolytic digestion performed by the exosome (1, 94) and, at least in the case of intronic or polycistronic snoRNAs, by 5Ј-to-3Ј exonuclease digestion by Rat1p (70, 73) to the ends of the mature snoRNAs.
At what stage of the pre-snoRNA maturation process and where and how snoRNP proteins assemble with the sequences retained in the mature snoRNAs remain questions of debate and ongoing research. Snu13p may be the protein that initiates the assembly of C/D snoRNPs, since it interacts directly and specifically in vitro with the so-called "kink-turn" motif formed by the interaction between the C and D boxes (102) . This hypothesis is strongly supported by the recent work of Omer et al., who have succeeded in reconstituting active archaeal C/D particles from purified components (64) . They demonstrate that the obligatory order of in vitro RNP assembly is archaeal L7a (the archaeal orthologue of Snu13p; see also reference 41), archaeal NOP56, and archaeal fibrillarin (64) . Information concerning H/ACA snoRNP assembly is far scarcer. Nhp2p is known to bind directly to RNA in vitro but is unlikely, on its own, to initiate the assembly of H/ACA snoRNPs (28) . The nucleation steps of C/D and H/ACA snoRNP assembly are likely to occur during pre-snoRNA processing, possibly very early (75) . Proteins bound to conserved boxes of the snoRNAs are believed to prevent exonucleases, generating the mature snoRNA termini, from degrading the body of snoRNAs. In addition, Nop1p is proposed in some cases to actively participate in pre-snoRNA processing by recruiting yeast RNase III (25) . Gar1p has also been shown to interact directly with yeast RNase III, but the importance of this interaction for presnoRNA processing is unclear (90) . Our understanding of how the particles reach the dense fibrillar component of the nucleolus, where they function, remains very limited. Most studies point to proteins bound to the conserved boxes of the snoRNAs as crucial to the nucleolar targeting of the particles (45-47, 59, 60, 75, 98) . C/D snoRNPs transit through the Cajal bodies (in mammalian cells) (60, 83, 97) or the "nucleolar body" (97, 98) (in yeast) before reaching the dense fibrillar component of the nucleolus. Whether H/ACA snoRNPs follow the same route remains uncertain (83, 98) .
In the present paper, we describe the characterization of Naf1p (encoded by the YNL124W open reading frame) as a predominantly nucleoplasmic protein specifically required for normal steady-state accumulation of H/ACA snoRNPs. Our results are compatible with a role for Naf1p in the assembly and/or the intranuclear trafficking of H/ACA snoRNPs.
MATERIALS AND METHODS
Strains, media, and plasmids. Strains GAL::naf1 and GAL::zz-naf1 were obtained as follows: two gene cassettes flanked on the 5Ј side by a segment of the NAF1 promoter and on the 3Ј side by a 5Ј segment of the NAF1 open reading frame and containing either the HIS3 gene marker and the GAL10 promoter (cassette 1) or the same elements followed by the ZZ tag sequence (cassette 2) were PCR amplified by using plasmid pTL26 (42) and oligonucleotides YNL124-HIS3 (5Ј AGCTTAAAGGTAAAGGAAAAAGATGGTAGGATGATAGGTA GGATGAAGCGGCTCTTGGCCTCCTCTAG 3Ј) and YNL124-pGAL (5Ј CAAGTCCTGGTCGGGATTCTCCAAAGCCTTAGAAAACAAGTCATCG CTCATGATTACGAATTCCTTGAATTTTCAAA 3Ј) for cassette 1. For cassette 2, plasmid pTL27 (42) and oligonucleotides YNL124-HIS3 and YNL124-PROTA (5Ј CAAGTCCTGGTCGGGATTCTCCAAAGCCTTAGAAAACAA GTCATCGCTCATATTCGCGTCTACTTTCGG 3Ј) were used. Cassettes 1 and 2 were integrated into strain YDL402 (42), creating strains GAL::naf1 and GAL::zz-naf1, respectively. To produce strain GAL::naf1/CBF5-TAP, the following procedure was followed: a gene cassette flanked on the 5Ј side by 48 3Ј terminal nucleotides from the CBF5 open reading frame and on the 3Ј side by 47 nucleotides of the CBF5 terminator and containing the TAP tag sequence and the Kluyveromyces lactis TRP1 gene marker was amplified using plasmid pBS1479 (74) [44, 1436] ::kanMX4/YNL124W; pCD31) was induced, tetrads were dissected, and a haploid strain (CEN.PK; ura3-52; his3⌬1; leu2-3 112; trp1-289; YNL124w [44, 1436] ::kanMX4; pCD31) was selected.
Saccharomyces cerevisiae strains were grown either in yeast-peptone medium (1% yeast extract, 1% peptone) supplemented with either 2% galactose, 2% raffinose, 2% sucrose, or 2% glucose as the carbon source or in YNB medium (0.17% yeast nitrogen base and 0.5% [NH 4 ] 2 SO 4 ) supplemented with 2% galactose, 2% raffinose, 2% sucrose, and the required amino acids. Escherichia coli
) grown on Luria-Bertani (1% Bacto Tryptone, 0.5% Bacto-yeast extract, and 1% NaCl) liquid or solid media was used for all cloning procedures. Production of anti-Nop10p antibodies. An internal peptide from Nop10p (H 2 N CSAHPARFSPDDKY CONH 2 ) was used to immunize a rabbit (performed by Eurogentec S.A.). The anti-Nop10p polyclonal serum obtained after 3 months reacted at 500-fold dilution with Nop10p from total yeast cellular extracts.
Production of total protein extracts. Total protein extracts used for the Western blot analyses presented in Fig. 2A and 6B were produced as follows: a pellet corresponding to approximately 2 ϫ 10 7 yeast cells was resuspended in 100 l of ice-cold H 2 O. Twenty microliters of 100% trichloroacetic acid (TCA) and 100 l of glass beads were then added. Yeast cells were broken by vigorous agitation at 4°C during 6 min. One milliliter of ice-cold 5% TCA was added, and the sample was centrifuged 15 min at 4°C and 16,000 ϫ g in a microcentrifuge (Eppendorf 5415D). The supernatant was removed, and the pellet was resuspended in 80 l of 100 mM Tris-HCl, pH 8.0, 4% sodium dodecyl sulfate (SDS), 20% glycerol, 0.04% bromophenol blue, and 200 mM dithiothreitol (DTT). Twenty microliters of 1 M Tris-HCl, pH 9.5, was added, and the sample was heated at 80°C for 5 min. The sample was then mixed by vigorous agitation for 5 min at 4°C and was heated again at 80°C for 5 min. Forty microliters of 100 mM Tris-HCl, pH 8.0, 4% SDS, 20% glycerol, 0.04% bromophenol blue, 200 mM DTT, and 10 l of 1 M Tris-HCl, pH 9.5, was then added, and the sample was agitated vigorously for 5 min at 4°C. The sample was finally centrifuged 5 min at 4°C and 16,000 ϫ g in a microcentrifuge (Eppendorf 5415D), and the supernatant was collected.
Immunoprecipitations. Total cellular extracts were produced from strains expressing either Naf1p-ZZ (see above), Cbf5p-ZZ (43), ZZ-Nop1p (kindly provided by T. Bergès; see reference 21), or the free ZZ tag (29) . Cells frozen in liquid nitrogen were broken with dry ice in a kitchen blender (Osterizer). Aliquots of broken cell powder corresponding to 2 ϫ 10 10 cells were resuspended in 1 ml of 20 mM Tris-HCl, pH 8.0, 5 mM magnesium acetate [Mg(OAc) 2 ], 0.2% Triton X-100, 150 mM potassium acetate (KOAc), 1 mM DTT, 1-U/l RNasin (Promega), and protease inhibitors. Extracts were clarified by centrifuging 10 min at 16,000 ϫ g in a microcentrifuge (Eppendorf 5415D). Aliquots of extracts corresponding to 10 mg of proteins were added to 70 l of immunoglobulin G (IgG)-Sepharose beads (Amersham Pharmacia Biotech) in 1 ml of final volume of either the above buffer (20 mM Tris-HCl, pH 8.0, 5 mM Mg(OAc) 2 , 0.2% Triton X-100, 150 mM KOAc, 1 mM DTT, 1-U/l RNasin [Promega], and protease inhibitors) or the same buffer, except that the KOAc concentration was adjusted to 500 mM. Immunoprecipitation was performed at 4°C for 1 h and 30 min on a shaking table. Beads were then washed five times with 1 ml of the buffer used for the immunoprecipitation (ice cold). The beads were divided in two aliquots for protein or RNA analysis. For protein analysis, the beads were washed further twice with 1 ml of ice-cold 150 or 500 mM sodium acetate, 20 mM Tris-HCl, pH 8.0, 5 mM Mg(OAc) 2 , 0.2% Triton X-100, 1 mM DTT, 1-U/l RNasin (Promega), and protease inhibitors. After being washed, the beads were resuspended in 50 l of 100 mM Tris-HCl, pH 8.0, 4% SDS, 20% glycerol, 0.04% bromophenol blue, and 200 mM DTT. For RNA analysis, the beads were washed additionally twice with the ice-cold buffer used for immunoprecipitation. One hundred sixty microliters of 4 M guanidinium isothiocyanate solution, 4 l of glycogen, 80 l of 100 mM sodium acetate (pH 5), 10 mM Tris-HCl (pH 8.0), 1 mM EDTA solution, 120 l of phenol, and 120 l of chloroform were added to the beads. The samples were thoroughly mixed, incubated 5 min at 65°C, and centrifuged 5 min at 4°C and at 16,000 ϫ g in a microcentrifuge (Eppendorf 5415D). The aqueous phases were recovered and mixed with 120 l of phenol and 120 l of chloroform, and the samples were centrifuged 5 min at 4°C and 16,000 ϫ g in a microcentrifuge (Eppendorf 5415D). RNAs from the aqueous phases were then precipitated with ethanol.
Fractionation of yeast extract on glycerol gradient. A total cellular extract was prepared as described in the previous paragraph from the strain expressing Naf1p-ZZ (CEN.PK; ura3-52; his3⌬1; leu2-3 112; trp1-289; YNL124w [44, 1436] ::kanMX4; pCD31). Five hundred microliters of extract corresponding to 5 mg of proteins was loaded on a 10 to 30% glycerol gradient. Preparation of the gradient, loading of the extract, centrifugation, and collection of fractions were performed as described in references 4 and 95.
Western analysis. Proteins from total extracts, obtained from gradient fractions after TCA precipitation or from immunoprecipitated pellets, were separated on SDS-12% polyacrylamide gels and transferred to Hybond-C extra membranes (Amersham Pharmacia Biotech). Gar1p, Nsr1p, and ribosomal protein L3 were detected as described in reference 4. Ribosomal protein S8 was detected by use of a rabbit polyclonal serum diluted 2,000-fold. Nhp2p was detected as described in reference 28. Nop10p was detected by use of the anti-Nop10 serum (see above) diluted 500-fold. Naf1p-ZZ and Cbf5p-TAP were detected using rabbit PAP (Dako) diluted 10,000-fold.
RNA extractions, Northern hybridizations, and 3 end labeling of RNAs. RNA extractions were performed as described in reference 89. RNA fractionations by polyacrylamide gel electrophoresis were performed as described in reference 29. Pre-rRNA precursors, mature rRNAs, RPS22B mRNA, and various small RNAs were detected using 32 P-labeled oligodeoxynucleotide probes. Sequences of antisense oligonucleotides used to detect pre-rRNA precursors, mature rRNAs, snR10, snR11, snR31, snR33, snR36, snR42, snR46, U14, U24, U1, and MRP were reported in reference 29. The sequence of the oligonucleotide used to detect snR37 was reported in reference 28, the anti-TLC1 oligonucleotide was described in reference 15, and the anti-snR72 and anti-snR78 oligonucleotides were described in reference 73. The remaining oligonucleotides used were as follows: anti-RPS22B mRNA oligonucleotide 1, 5Ј TGTACCACTACTAAAAA CTTACTTAATAG 3Ј; anti-RPS22B mRNA oligonucleotide 2, 5Ј AGCGAGT CATTTTTTACCTAATTACTA 3Ј; anti-U2, 5Ј CCAACCCCACCCTACACC CCC 3Ј; anti-U3, 5Ј ATGGGGCTCATCAACCAAGTTGG 3Ј; anti-U4, 5Ј GAC CATGAGGAGACGGTCTGG 3Ј; anti-U5, 5Ј CAACACCCGGATGGTTC TGG 3Ј; anti-U6, 5Ј CATCCTTATGCAGGGGAACTG 3Ј; anti-RNase P RNA, 5Ј CGCCGTAGCGGGCGACAAGTC 3Ј; and anti-SRP RNA, 5Ј CCCACCA GAAAGCCATTACAGCC 3Ј. Blots were hybridized with 5Ј end-labeled oligonucleotide probes and were washed as described in reference 29. End labeling (3Ј) of RNAs with [5Ј-32 P]pCp was performed as described in reference 21.
Pulse-chase analysis. It was performed as indicated in reference 4, except that cells were grown in rich yeast-peptone medium and were shifted to minimal yeast nitrogen base medium only 4 h before the labeling.
Immunoelectron microscopy. Detection of Naf1p-ZZ by immunoelectron microscopy was performed as described in reference 29.
RESULTS
Naf1p interacts with H/ACA snoRNP components. In the course of a comprehensive double-hybrid analysis of the S. cerevisiae proteome, Ito and colleagues found that the protein encoded by the YNL124W open reading frame (hereafter named Naf1p according to the nomenclature of the Saccharomyces Genome Database) interacts with both Cbf5p and Nhp2p, two core components of H/ACA snoRNPs (32) . This result prompted us to assess by biochemical means the nature of the interaction between Naf1p and H/ACA snoRNP components. To that end, we constructed a yeast strain that expresses Naf1p-ZZ, i.e., a Naf1p protein tagged at its C terminus with two synthetic IgG-binding domains (called ZZ) derived from Staphylococcus aureus protein A. Strains expressing ZZ-tagged Nop1p (a core component of C/D snoRNPs), ZZ-tagged Cbf5p (a core component of H/ACA snoRNPs), or the ZZ tag alone were also used for control experiments. Immunoprecipitation experiments were carried out using total cellular extracts containing tagged proteins and IgG-Sepharose beads to which these avidly bind. Proteins and RNAs precipitated with the tagged proteins were analyzed by Western (Fig.  1A) and Northern (Fig. 1B) 1C) procedures, respectively. H/ACA snoRNP proteins Gar1p, Nhp2p, and Nop10p are precipitated with Naf1p-ZZ, albeit to a low extent (Fig. 1A, lanes 10 to 12) . We estimate that approximately 5% of input Nhp2p or Nop10p and at least 10% of input Gar1p are precipitated with Naf1p-ZZ in 150 mM KOAc. Under these conditions, Nhp2p and Nop10p are precipitated with ZZ-Nop1p to the same extent (Fig. 1A , lanes 4 to 6). However, whereas the interaction between ZZ-Nop1p and Gar1p, Nhp2p, or Nop10p is strongly affected by an increase in KOAc concentration, the interaction between Naf1p-ZZ and Gar1p or Nop10p is more resistant. In addition, we note that the interaction between Naf1p-ZZ and Gar1p, Nhp2p, or Nop10p is specific. Under the conditions used, we detect no interaction between Naf1p-ZZ and Nop1p or Nsr1p, a nucleolar protein required for 18S rRNA production and efficient C/D snoRNA nucleolar targeting (Fig. 1A, lanes 10 to  12) .
As shown in Fig. 1B , lanes 10 to 12, several H/ACA snoRNAs tested (snR30, snR11, snR31, snR44, snR33, and snR36) are also precipitated with Naf1p-ZZ, with efficiencies ranging from 7 to 26%. Although significant, these efficiencies are much lower than those obtained in the case of Cbf5p-ZZ, with which H/ACA snoRNAs are precipitated almost quantitatively (Fig. 1B and C, lanes 7 to 9) . Surprisingly, no significant immunoprecipitation of snR10 or snR42 with Naf1p-ZZ is obtained. Nevertheless, as revealed by the analysis of the pattern of precipitated [ 32 P]pCp-labeled RNAs, the bulk of H/ACA snoRNAs in the size range of 180 to 250 nucleotides are precipitated with Naf1p-ZZ with efficiencies significantly above background (Fig. 1C, compare lanes 10 to 12 with lanes 1 to 3) , whereas the bulk of C/D snoRNAs are not (Fig. 1B and C,  lanes 10 to 12) . From these experiments, we conclude that Naf1p is not a core component of H/ACA snoRNPs. Nevertheless, these data suggest that Naf1p interacts specifically with several components of H/ACA snoRNPs, though in a weak and/or transient manner.
Depletion of Naf1p inhibits 18S rRNA accumulation. The weak interactions detected between Naf1p-ZZ and H/ACA snoRNP components suggest that Naf1p could be involved in one or several of the following processes: synthesis of H/ACA snoRNP components, assembly of H/ACA snoRNPs, intranuclear transport of these particles, regulation of their mode of action, and/or recycling of the particles. A defect in any one of these steps is likely to lead to an inhibition of the synthesis of pseudouridines within the pre-rRNA and of mature 18S rRNA. As a first step in assessing whether Naf1p is involved in one of the processes listed above, we analyzed the accumulation of rRNAs in cells in which production of Naf1p is inhibited. For that purpose, since Naf1p is essential for yeast viability (7), we constructed a yeast strain that conditionally expresses the Naf1p protein comprising a ZZ tag at the N terminus (ZZ-Naf1p protein), allowing its easy detection. The NAF1 open reading frame was tagged by the ZZ-encoding sequence and placed under the control of the regulated GAL1-10 promoter by homologous recombination, creating strain GAL::zz-naf1. This strain was propagated in a medium containing galactose, raffinose, and sucrose as carbon sources and was then shifted to a glucose-containing medium. As expected, the carbon source shift led to an increase in doubling time. After 24 h in glucose-containing medium, the doubling time of GAL::zz-naf1 cells had doubled, and after 48 h, it had tripled. After that time point, contrary to our expectations, the cells carried on dividing at roughly the same, reduced growth rate (doubling time of 9 h). Aliquots of GAL::zz-naf1 cells grown in galactose-containing medium or grown for 6, 12, 24, 48, or 72 h in glucose-containing medium were harvested. From these aliquots, total proteins and RNAs were extracted for Western ( Fig. 2A) or Northern (Fig. 2B) blot analyses. The level of ZZ-Naf1p strongly diminishes between 6 and 24 h after transfer to glucose-containing medium ( Fig. 2A, lanes 2 to 4) . However, consistent with the fact that GAL::zz-naf1 cells continue growing even after 72 h in glucose-containing medium, complete depletion of ZZ-Naf1p was never achieved (Fig. 2A,  panel showing overexposed ZZ-Naf1p). Nevertheless, the strong reduction in ZZ-Naf1p level obtained is correlated with a strong decrease in the steady-state level of mature 18S rRNA relative to the level of 25S rRNA (Fig. 2B , panels for 18S rRNA and 25S rRNA). According to phosphorimager quantification, the level of 18S rRNA, relative to that of 25S rRNA, is diminished by 95% after 48 h of growth in glucose-containing medium. The steady-state levels of various precursors to the mature rRNAs, relative to the 25S rRNA level, are less dramatically affected (for a cartoon of the pre-rRNA processing pathway, see Fig. 2C ). We detect an accumulation of the 23S pre-rRNA that is produced when the 35S pre-rRNA is cleaved directly at site A3, without prior cleavage at sites A0, A1, and A2. Thus, this suggests that early cleavages of 35S pre-rRNA at sites A1 and A2, necessary for the production of 20S pre-rRNA (the immediate precursor to 18S rRNA), are somewhat impaired. The effects of a reduced ZZ-Naf1p level on pre-rRNA processing were also assessed by pulse-chase analysis using [methyl-
3 H]methionine. Such analysis (Fig. 3 ) clearly shows that synthesis of the 25S rRNA is not affected. In contrast, 18S rRNA synthesis is strongly inhibited, most probably as a direct result of reduced 20S pre-rRNA production detected by this approach.
Naf1p is located primarily in the nucleoplasm and displays little association with preribosomes in a glycerol gradient. Naf1p could directly participate in 18S rRNA synthesis by interacting with H/ACA snoRNPs within the nucleolus, or it could be involved in 18S rRNA synthesis indirectly. To distinguish between these two possibilities, we determined the subcellular localization of Naf1p-ZZ by immunoelectron microscopy. Whereas the core H/ACA snoRNP proteins accumulate within the dense fibrillar component of the nucleolus (29) , Naf1p-ZZ is found predominantly in the nucleoplasm (Fig. 4) . A minor fraction of Naf1p-ZZ is found in the nucleolus but outside the dense fibrillar component. This result suggests that Naf1p is not directly involved in the early stages of pre-rRNA processing. To confirm this, we determined the distribution of Naf1p-ZZ in a glycerol gradient. The bulk of Naf1p-ZZ is found in the top five fractions of the gradient (Fig. 5 , panel for Naf1p-ZZ). Thus, Naf1p-ZZ is found either free or associated with complexes of the size of snRNPs. Contrary to bona fide H/ACA snoRNP components (Fig. 5 , panels for Nhp2p, snR10, and snR36) very little Naf1p-ZZ is found in fractions containing preribosomes.
Depletion of Naf1p results in a specific decrease in H/ACA snoRNP levels. The above data suggest that the possible roles of Naf1p are restricted to either synthesis of H/ACA snoRNP components, assembly, trafficking, and/or recycling of the particles. To narrow the spectrum of possible roles for Naf1p, we assessed the steady-state levels of H/ACA snoRNAs and H/ACA snoRNP proteins in cells depleted for Naf1p. RNA samples from GAL::zz-naf1 cells grown on galactose, raffinose, and sucrose as carbon sources or shifted to glucose containing medium for 6, 12, 24, 48, and 72 h (see above) were analyzed by Northern blot hybridizations performed with oligonucleotide probes complementary to a wide range of small RNAs (Fig. 6A) . Relative amounts of RNAs assessed by quantification of phosphorimager scans of Northern blots are listed in the table in Fig. 6A . Note that the values have not been normalized to an internal standard, for lack of an obvious one.
RNAs. RNAs retained on the beads of the second set of fractions were purified. Aliquots of precipitated RNAs (lanes 2, 3, 5, 6, 8, 9, 11, and 12) and 1/10 of the corresponding amount of total RNAs from the input extract (T and lanes 1, 4, 7, and 10) were submitted to denaturing 6% polyacrylamide gel electrophoresis. In panel B, separated RNAs were transferred to nylon membranes, and various H/ACA and C/D snoRNAs were detected by hybridization with specific oligonucleotide probes. Phosphorimager scans of the Northern blots were used to quantify snoRNA levels. The amounts of RNAs precipitated, expressed as percentages of input RNA levels, are indicated in the table on the right. In panel C, RNAs were 3Ј end labeled with [ 32 P]pCp and separated on a 6% sequencing gel. M, molecular weight markers (pBR322 digested with HaeIII and TaqI). Positions of RNAs inferred from their size are indicated.
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Strikingly, the steady-state levels of all H/ACA snoRNAs tested are strongly affected by ZZ-Naf1p depletion. All types of H/ACA snoRNAs, whether independently transcribed and possessing a methyl-2,2,7-guanosine cap (snR30, snR37, snR42, snR11, snR10, snR31, snR5, and snR33), independently transcribed and processed by Rnt1p (snR46 and snR36), or processed from an intron of a protein-encoding transcript (snR44), are roughly equally affected by ZZ-Naf1p depletion. The decrease in H/ACA snoRNA levels parallels the decrease in ZZ-Naf1p levels ( Fig. 2A ). Twelve and 24 h after the shift to glucose-containing medium, the levels of H/ACA snoRNAs are decreased on average by 50 and 85%, respectively (Fig. 6A,  lanes 3 and 4) . No such dramatic effect is observed for the other RNAs tested: C/D snoRNAs, spliceosomal snRNAs, RNase MRP and P RNAs, SRP RNA, and telomerase RNA (TLC1).
The effects of Naf1p depletion on the levels of Gar1p, Nhp2p, and Nop10p were tested by Western blot analysis of total protein extracts obtained from GAL::zz-naf1 cells, grown on galactose, raffinose, and sucrose or shifted to glucose-containing medium, using polyclonal sera. To monitor the effects of Naf1p depletion on Cbf5p levels, the same procedures were repeated using a strain (GAL::naf1/CBF5-TAP) that expresses native Naf1p conditionally and produces an epitope-tagged version of Cbf5p (Cbf5p-TAP). Steady-state levels of Gar1p, Nop10p (Fig. 6B, lanes 1 to 6) , and Cbf5p-TAP (Fig. 6B , lanes 7 to 12) are lowered by Naf1p depletion. The level of Nhp2p is only very marginally reduced, and Nop1p accumulation is unaffected (Fig. 6B, lanes 1 to 6) . We conclude that Naf1p depletion leads to a specific reduction in the levels of H/ACA snoRNP components.
The most straightforward interpretation of the above data is FIG. 2. Naf1p depletion affects 18S rRNA accumulation. GAL::zz-naf1 cells were grown in a medium containing galactose (gal), raffinose, and sucrose, were washed, and were shifted to a medium containing glucose (glu). Cell aliquots were collected from the culture grown in galactose, raffinose, and sucrose (lanes 1) and after 6 (lanes 2), 12 (lanes 3), 24 (lanes 4), 48 (lanes 5) and 72 (lanes 6) h of growth in glucose-containing medium. Total proteins and RNAs were extracted from these samples for Western (A) and Northern (B) blot analysis. (A) Proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to a cellulose membrane. ZZ-Naf1p was detected by use of rabbit PAP and Nsr1p by using a monoclonal antibody. The third panel corresponds to an overexposed film to show the residual production of ZZ-Naf1p even after prolonged growth on glucose-containing medium. (B) High-molecular-weight RNAs were separated on a formaldehyde-agarose gel, and lowmolecular-weight RNAs were separated on a denaturing 6% polyacrylamide gel. Gels were transferred to nylon membranes. Mature rRNAs and pre-rRNA processing intermediates were detected by use of specific oligonucleotide probes. (C) Cartoon of the pre-rRNA processing pathway. In wild-type cells, the 35S pre-rRNA is first cleaved at site A0 within the 5Ј external transcribed spacer (5Ј ETS), producing intermediate 33S, which is very rapidly cleaved at site A1, the 5Ј end of 18S rRNA, to produce intermediate 32S. 32S is then cleaved at site A2 within the internal transcribed spacer 1 (ITS1), releasing 20S, the immediate precursor to 18S rRNA, and 27SA2. 27SA2 is then processed via two alternative pathways. It is either cut at site A3 to produce 27SA3, which is then trimmed by 5Ј-to-3Ј exonucleases up to site B1(S), producing 27SB(S). Alternatively, it can be processed into 27SB(L) by an as-yet-unknown mechanism. 27SB(S) and 27SB(L) are then processed in the same manner to produce 25S and 5.8S(S) or 5.8S(L), respectively. In cells depleted of Naf1p, a fraction of 35S is directly cut at site A3, producing 23S that is degraded by the exosome. For a detailed review of the pre-rRNA processing pathway in yeast, see reference 96.
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on December 22, 2017 by guest http://mcb.asm.org/ that Naf1p is involved either in the synthesis of H/ACA snoRNP components or in the assembly of the particles. Abortive assembly of H/ACA snoRNPs is likely to result in increased turnover of most of their constituents. Likewise, a defect in the synthesis of one H/ACA snoRNP component would lead to abortive assembly of the particles and hence would have the same consequences. Naf1p is unlikely to be involved in the production of H/ACA snoRNP proteins. We have checked that the steady-state levels of GAR1 and NOP10 mRNAs in GAL::zz-naf1 cells grown 48 h in glucose-containing medium are not reduced compared to those of cells grown on galactose/raffinose/sucrose (data not shown). Yet at that time point, Gar1p and Nop10p levels have already substantially declined (Fig. 6B, lanes 5 and 11) . A role for Naf1p in protein synthesis is not very plausible, given that it accumulates within the nucleus. To investigate whether Naf1p could be involved in the transcription as such of H/ACA snoRNA sequences, we assessed the accumulation, in the course of Naf1p depletion, of the mature mRNA of the snR44 host gene, RPS22B, which encodes ribosomal protein rpS22B. There is in fact another gene, RPS22A, which encodes the ribosomal protein rpS22A, which is identical to rpS22B but for 1 amino acid. The oligonucleotides used to detect RPS22B mRNA cannot hybridize to RPS22A mRNA. As shown in Fig.  6A , there is no significant reduction of the RPS22B mRNA level after 48 h of growth in glucose-containing medium. Since production of mature snR44 has been shown to be mostly dependent upon splicing of its host pre-mRNA (65), we conclude that defective transcription of the SNR44 sequence is most probably not the explanation for the drastic reduction in snR44 steady-state levels observed during Naf1p depletion.
DISCUSSION
The processes and trans-acting factors involved in the regulation of H/ACA snoRNP assembly, intranuclear trafficking, and activity remain largely unknown. We are particularly interested in these issues. Our attention was therefore drawn to the Naf1p factor when it was reported that it interacts in a double-hybrid test with two core components of H/ACA snoRNPs, Nhp2p and Cbf5p (32) . In accordance with those results, we find by immunoprecipitation experiments that Naf1p interacts in cell extracts, directly or indirectly, with several components of H/ACA snoRNPs. We believe that the interaction is specific because we fail to detect any significant immunoprecipitation with epitope-tagged Naf1p of components of C/D snoRNPs or of the control Nsr1p protein. Our conclusion that Naf1p physically associates with H/ACA snoRNP components is reinforced by the recent finding that Naf1p coprecipitates with Cbf5p tagged with the Flag epitope (30) . The efficiencies of precipitation of H/ACA snoRNP components with Naf1p are clearly low, which is probably indicative of a transient and/or labile association.
Naf1p is found mainly in the nucleoplasm, cannot be detected in the dense fibrillar component of the nucleolus, and sediments in a glycerol gradient above all as a free protein or as part of a complex of the size of free snRNPs. This suggests strongly that (i) Naf1p is not a core component of active mature H/ACA snoRNPs, consistent with a previous proposal that most mature H/ACA snoRNPs contain only the Cbf5p, Gar1p, Nhp2p, and Nop10p proteins (29) and that (ii) Naf1p is not directly involved in pre-rRNA processing and modification. We are fully aware that the Naf1p presence in the dense fibrillar component of the nucleolus may have gone undetected, and we observe that traces of Naf1p sediment with preribosomes. Nevertheless, the likeliest interpretation of the 18S rRNA accumulation defect detected in Naf1p-depleted cells remains that it is the consequence of the reduction in snR10 and snR30 H/ACA snoRNP levels. Indeed, the most striking phenotype resulting from Naf1p depletion is a dramatic and specific decrease in the accumulation of all H/ACA snoRNP components except Nhp2p. Remarkably, none of the other small RNAs tested, in particular none of the C/D snoRNAs, show a similar decrease in steady-state levels. The very specific reduction in H/ACA snoRNA levels following Naf1p depletion was also demonstrated by the groups of G. Chanfreau and D. Tollervey (P. K. Yang, G. Rotondo, T. Porras, P. Legrain, and G. Chanfreau, submitted for publication; and A. Fatica, M. Dlaki, and D. Tollervey, submitted for publication). This accumulation defect is probably not due to defective transcription, since independently transcribed H/ACA snoRNAs and the snR44 intronic RNA are equally affected. In the case of snR44, our results strongly suggest that no defective transcription (either initiation, elongation, or termination) is occurring: snR44 production has been shown to be dependent upon splicing of its host pre-mRNA (65), and we failed to detect a significant decrease in the steady-state accumulation of the corresponding mRNA. Defective pre-snoRNA processing in Naf1p-depleted cells is not very probable either. The activity of the enzymatic machinery (i.e., splicing machinery, Rnt1p endonuclease, Rat1p exonuclease, and exosome) as such is not impaired, since it is involved in processing precursors to both H/ACA and C/D snoRNAs. Yet no defective processing of C/D snoRNAs is detected. For example, we notice that the pattern of bands detected with the U24 or snR78 probes re-FIG. 4. Naf1p-ZZ accumulates mainly within the nucleoplasm. Shown are electron micrographs of a whole cell (ϫ27,600 magnification) (A), a nucleus (ϫ41,400 magnification) (B), and a nucleolus (ϫ46,000 magnification) (C). Naf1p-ZZ was detected by electron microscopy after treatment of the grids with anti-protein A antibodies followed by incubation with colloidal gold-conjugated protein A. No, nucleolus; Nu, nucleoplasm. In panel C, a section of the nucleolar dense fibrillar component is indicated by arrow heads. Bar ϭ 300 nm. we have established that the steady-state levels of GAR1 and NOP10 mRNAs are not decreased by the time the steady-state accumulation of the proteins that they encode is already significantly diminished. Because Naf1p accumulates within the nucleus, the possibility that Naf1p intervenes in cytoplasmic translation is very slight. A role for Naf1p in the nuclear import of Cbf5p, Gar1p, and Nop10p can still be envisaged. We favor the idea that Naf1p is involved in H/ACA snoRNP assembly and/or in H/ACA snoRNP transport from the nucleoplasm to the nucleolus. A role for Naf1p in intranuclear trafficking is consistent with its localization in the nucleoplasm and within the nucleolus and with its weak association with mature H/ACA snoRNAs. Intriguingly, the localization of Naf1p in the nucleolus in close vicinity to the dense fibrillar component is reminiscent of that of the nucleolar body, the yeast equivalent of the Cajal body, through which C/D snoRNPs are proposed to transit before reaching the dense fibrillar component (97, 98) . No evidence has been provided so far that H/ACA snoRNPs transit through the nucleolar body. If they do, their routing process to and from the nucleolar body is likely to require trans-acting factors different from those for C/D snoRNPs (98). Naf1p is thus a possible candidate.
The presence of some Naf1p within the nucleolus may reflect, rather than a transport function, an involvement of this protein in late H/ACA snoRNP assembly steps. Indeed, in the case of the U3 snoRNP, for example, recent work strongly suggests that final U3 snoRNP assembly occurs in the nucleolar body (in yeast) or the Cajal body (in mammals) (97) . Because Naf1p is predominantly found in the nucleoplasm, a role for this protein in putative early snoRNP assembly steps taking place at or in the vicinity of pre-snoRNA transcription sites is also a very attractive hypothesis. A role for Naf1p in particle assembly is consistent with the observation that depletion of Cbf5p, Nhp2p, or Nop10p, which obviously prevents assembly of complete particles, has the same consequences as does Naf1p depletion on accumulation of H/ACA snoRNAs and Gar1p (29, 43) . In the absence of particle assembly, the body of H/ACA snoRNAs normally protected by bound proteins may be degraded by the exonucleases that remove the flanking sequences and/or may be turned over by a discard pathway distinct from the normal processing pathway. Cbf5p, Gar1p, and Nop10p form a very stable complex (A. Henras and M. Caizergues-Ferrer, unpublished observation) that may be targeted for degradation when stable association with H/ACA snoRNAs is prevented. How could Naf1p promote particle assembly? The most striking motifs present in Naf1p are, in the N-terminal part, a serine-rich domain and, at the C terminus, a large proline-and glutamine-rich domain somewhat reminiscent of a domain found in the RNA-binding protein Nrd1p (80) . Thus, it is conceivable that the C-terminal part of Naf1p could be involved in binding to H/ACA snoRNAs at an early stage. The serine-rich domain of Naf1p, which also contains a high proportion of negatively charged residues, is predicted to be highly phosphorylated by casein kinase II. It could recruit one or several H/ACA snoRNP proteins by providing a binding platform for exposed basic domains of these proteins, such as the C-terminal KKE repeat domain of Cbf5p, the putative amphipathic alpha-helix at the N terminus of Nhp2p, and/or the overall basic small Nop10p protein.
The SMN complex, containing the SMN protein, has also been proposed to be involved in H/ACA snoRNP assembly in some eukaryotes, since the SMN protein can interact with the GAR domains of Gar1p (69, 82) . In addition, the SMN protein has also been shown to interact with the GAR domain of fibrillarin, suggesting that the SMN complex could also be involved in C/D snoRNP assembly (35, 69, 82) . Moreover, a role for the SMN complex, so far not detected in S. cerevisiae, in the assembly of spliceosomal snRNPs has been well documented in higher eukaryotes (18, 50, 82) . Thus, this complex probably exerts a role that is broader than and different from that of Naf1p. Indeed, the hypothesis that the SMN complex could play in higher eukaryotes the role of Naf1p in lower eukaryotes is contradicted by the fact that Schizosaccharomyces pombe contains both an SMN complex (27, 66, 67) and a protein, encoded by the SPBC30D10.15 open reading frame, significantly related to S. cerevisiae Naf1p (29% identity, 48% similarity over 438 amino acids), which very likely constitutes its S. pombe orthologue. In addition to SMN, two non-snoRNP proteins, Rvb2p (the yeast orthologue of the mammalian helicase p50) and Srp40p (the yeast orthologue of Nopp140p), FIG. 5 . Sedimentation profile of Naf1p-ZZ in a glycerol gradient. A native extract from cells expressing Naf1p-ZZ was loaded on a 10 to 30% glycerol gradient and centrifuged for 10 h at 25,000 rpm in an SW41 Ti rotor. Nineteen fractions were collected and divided in two equal aliquots from which proteins or RNAs were extracted. Proteins were separated by SDS-polyacrylamide gel electrophoresis, while RNAs were separated by denaturing polyacrylamide gel electrophoresis. Proteins or RNAs were then transferred to cellulose or nylon membranes, respectively. Naf1p-ZZ and Nhp2p were detected by use of a polyclonal anti-Nhp2p serum, ribosomal protein L3 by a monoclonal anti-L3 antibody, and ribosomal protein S8 by a polyclonal anti-S8 serum. H/ACA snR10 and snR36 snoRNAs were detected using specific oligonucleotide probes. Lane numbers correspond to fraction numbers. Fraction 1, top of the gradient; fraction 19, bottom of the gradient; and T, protein or RNA aliquot from the nonfractionated input extract. 6 . Analysis of steady-state levels of H/ACA snoRNP components and of the snR44 host gene mRNA in Naf1p-depleted cells. GAL::zz-naf1 (lanes 1 to 6) or GAL::naf1/CBF5-TAP (lanes 7 to 12) cells were grown in a medium containing galactose (gal), raffinose, and sucrose, were washed, and shifted to a medium containing glucose (glu). Cell aliquots were collected from the cultures grown in galactose, raffinose, and sucrose (lanes 1 and 7) and after 6 (lanes 2 and 8), 12 (lanes 3 and 9), 24 (lanes 4 and 10), 48 (lanes 5 and 11), and 72 (lanes 6 and 12) h of growth in glucose-containing medium. Total RNAs and proteins were extracted from these samples for Northern (A) and Western (B) blot analysis. A large set of RNAs was detected by use of complementary oligonucleotide probes. Phosphorimager scans of the Northern blots were used to quantify RNA levels. Values indicated are percentages of the figures obtained for RNAs originating from cells grown on galactose, raffinose, and sucrose. Cbf5p-TAP was detected using rabbit PAP. The remaining proteins were detected as described in previous figure legends. 7062 DEZ ET AL. MOL. CELL. BIOL.
have also been proposed to be required, directly or indirectly, for H/ACA snoRNP assembly and localization (36, 53, 104) . Like Naf1p depletion, depletion of Srp40p (in a yeast strain lacking the LES2 gene) inhibits H/ACA snoRNA accumulation, while that of C/D snoRNAs remains unaffected (104) . Unlike Naf1p, however, Srp40p and Rvb2p seem also to be linked to C/D snoRNPs (36, 61) . The mammalian orthologue of Srp40p, Nopp140p, interacts with C/D snoRNP components, and Rvb2p is required for normal accumulation of both C/D and H/ACA snoRNAs. In addition, Rvb2p has been implicated in various processes, including chromatin remodeling (36, 61) . Finally, no interaction has been described between Rvb2p or Srp40p and Naf1p. For all these reasons, Srp40p and Rvb2p are unlikely to directly cooperate with Naf1p. In contrast, a good candidate for a Naf1p partner is the essential Shq1p protein. By a double-hybrid test, Shq1q and Naf1p have been shown to interact (32) . Moreover, Shq1p associates with Flag-Cbf5p (30) and we have established that Shq1p remains associated (directly or indirectly) with TAP-tagged Gar1p after tandem affinity purification (C. Dez, C. Froment, and V. Dossat, unpublished observation). The functional importance of the interactions detected between Shq1p, Naf1p and H/ACA snoRNP components has in fact been demonstrated by the group of G. Chanfreau, who have shown that Shq1p, like Naf1p, is required for H/ACA snoRNA accumulation (Yang et al., submitted).
